We present a system for the control and signal extraction of a power-recycled Michelson interferometer with resonant sideband extraction. This control system is capable of locking four degrees of freedom to a fixed point while locking the signal cavity to an arbitrary detuned point. One of the strengths of this system is that it can quickly change the instrument's frequency response without disrupting continuous operation. We report on an experimental implementation of this control system on a benchtop prototype and present broadband measurements of the prototype's frequency response for a range of signal cavity detunings.
Introduction
The opening decade of the new millennium should see the first direct detection of gravitational waves. The construction of long baseline interferometric gravitational wave detectors is nearing completion with most detectors expected to begin taking data in the next few years. Although it is hoped that these original detectors will produce the first direct detection of gravitational waves, it is expected that signals will be detected with insufficient regularity and signal-tonoise ratio to learn much about the sources of these waves.
Even before the first waves have been detected, there are plans to upgrade these interferometers to give vastly improved sensitivities. The Laser Interferometer Gravitational Wave Observatory ͑LIGO͒ interferometer 1 is to undergo its first major upgrade around the middle of the decade with planned improvements to include increased laser power, upgrades to suspension and isolation systems, and possible changes to test mass materials. A change in the interferometric configuration is also planned. A power-recycled Michelson interferometer with resonant sideband extraction ͑RSE͒ 2 has been selected as the reference design for the Advanced LIGO. 3 In this paper we report on an experimental demonstration of the RSE configuration and introduce a control system to be considered as a candidate for the Advanced LIGO interferometer. In Section 2 we describe the control system and signal extraction for the interferometer's five length degrees of freedom. In Section 3 we detail how this control system was implemented in the benchtop prototype. In Section 4 we outline the production of the frontal modulation components required for the control system. In Section 5 we discuss the experimental demonstration of the system in a benchtop prototype, and in Section 6 we present broadband measurements of the prototype's frequency responses for a range of signal cavity detunings.
Control System
This interferometer configuration poses a difficult control problem. There are five length degrees of freedom that must be controlled 4 : the arm cavity common-mode phase ⌽ ϩ , the arm cavity differentialmode phase ⌽ Ϫ , the Michelson common-mode phase 5 ϩ , the Michelson differential-mode phase Ϫ , and the signal cavity phase s . Our goal is to develop a flexible control system that can provide quasicontinuous detuning of the signal cavity as required, without the need for macroscopic changes to the interferometer parameters. To achieve this, the first 4 degrees of freedom must be locked to a fixed position, whereas the final degree of freedom is detuned to an arbitrary point. Ideally detuning should be performed without the interferometer dropping lock, which avoids the need for lock reacquisition. The final criterion is that the system be implementable in a long baseline interferometer. For this reason we restricted the control system to frontal modulation only. Figure 1 shows the lengths used to describe the interferometer. The symbols L p and L s denote the distance from the beam splitter to the power mirror and signal mirror, respectively. The average Michelson arm length ͑distance from the beam splitter to the arm cavities͒ is L m , with the difference between the two Michelson arms given by 2⌬L. The in-line and perpendicular arm cavity lengths are denoted by L aci and L acp , respectively. The relationships between the five phase degrees of freedom and the interferometer lengths are
The control system was designed around two initial ideas. The first was to use a set of modulation sidebands that were completely reflected by the Michelson. This should ensure that any error signals obtained from these sidebands beating with the carrier are insensitive to the detuning of the signal mirror. The second idea was to use a subcarrier 6 with a frequency-tunable offset. It was hoped that if the signal cavity was locked to this subcarrier field then we could detune the instrument by changing the frequency offset of the subcarrier.
The control system utilizes a subcarrier, or singlesideband, offset from the carrier by a frequency of sc . There are two other modulation frequencies, one for phase modulation ͑PM͒ of the carrier ͑frequency 1 ͒ and another for PM of the subcarrier ͑frequency 2 ͒. These are shown diagrammatically in Fig. 2 . When the interferometer is at the correct operating point only the carrier field is resonant in the arm cavities.
The PM sidebands at 1 are resonant in the power cavity and are completely reflected by the Michelson interferometer. The single sideband is almost 7 completely transmitted by the Michelson interferometer and is resonant in the cavity formed by the signal mirror and the power mirror. The sidebands at 2 are nonresonant everywhere and are totally reflected at the power mirror. The relationships between the modulation frequencies and these lengths are summarized in Table 1 . All error signals are derived by demodulation of the outputs of the three photodetectors at the reflected port ͑RP͒, transmitted port ͑TP͒, and the power cavity port ͑PCP͒. In Subsections 2.A-2.F we discuss the details of the error signal extraction for each degree of freedom.
A. Arm Cavity Common Mode ⌽ ϩ
The arm cavities are the highest-finesse cavities and thus will dominate many of the error signals involving the carrier field. This important error signal is obtained when we demodulate the detected photocurrent at the PCP. As the 1 sidebands are nonresonant in the arm cavity, this is essentially the PoundDrever-Hall technique 8 applied to the arm cavity common mode.
To isolate the error signal from changes that are due to the detuning of the signal mirror, we set the Michelson arm length mismatch so that the interferometer is completely reflective at this frequency. 
The electric field transmissivity of a simple Michelson ͑held on a dark fringe for the carrier͒ is proportional to sin͑4 1 ⌬L͞c͒. To ensure zero transmission of the sidebands to the signal mirror, the Michelson armlength mismatch must be fixed at
B. Michelson Common ͑power cavity͒ Mode ϩ
We obtained this error signal using the sidebands at 1 by demodulating the RP detector photocurrent. For a simple cavity with both the carrier and the sidebands resonant, the complex reflectivity of the cavity is the same for all three fields; thus PM symmetry is maintained. It follows that demodulation of the RP photocurrent will give no error signal. In the coupled interferometer considered here the carrier experiences a lower-finesse power cavity than the sidebands because of the loss of the arm cavities. In this situation the carrier will receive less phase shift than the sidebands as the power cavity drifts from resonance. This differential phase shift is responsible for producing the error signal.
The power cavity length must be chosen so that the carrier and both sidebands are concurrently resonant in the power cavity. The carrier field receives a phase shift upon reflection from the overcoupled arm cavity. Although the sidebands are nonresonant in the arm cavities, they too receive a phase flip upon reflection from the interferometer as they are half of a Michelson fringe away. This effectively cancels the phase flip of the carrier. Thus to ensure that the sidebands are resonant in the power cavity, the modulation frequency must be an integer number of power-cavity-free spectral ranges:
This error signal responds to both the arm cavity common-mode and the Michelson differential-mode degrees of freedom. The error signal used for the arm cavity common mode also responds to both these degrees of freedom. Although the high-finesse arm cavity common mode dominates both error signals, the slope of the power cavity error signal exhibits a sign change from the RP to the PCP. This sign change facilitates the extraction of the power cavity error signal. This can be achieved either with a hierarchical locking structure or by electronic processing of the error signals from both ports. For simplicity we chose a hierarchical locking arrangement. This is similar to the system developed by Regehr et al., 9 except that in our system the transmission of the sidebands to the dark fringe is zero. This error signal has excellent isolation from the detuning of the signal cavity as both sideband and carrier fields have zero transmission to the Michelson dark-fringe port.
C. Michelson Differential Mode Ϫ
The Michelson differential mode is the most difficult error signal to isolate from the effects of tuning the signal mirror. To obtain an error signal for the Michelson, we need some component of the field to be partially transmitted through the beam splitter; hence we cannot use the isolation technique utilized for the ⌽ ϩ and ϩ signals.
We obtained this error signal by measuring the beat between the sidebands at 1 and the subcarrier at sc at the transmitted port. It uses the subcarrier to detect the presence of the 1 sidebands at the dark fringe by demodulating the photocurrent at the beat frequencies sc Ϯ 1 . When the Michelson is at a dark fringe, the sidebands are completely reflected and there is no beat present in the TP photocurrent. As the Michelson lock point changes, some of these sidebands are transmitted to the dark fringe. In addition, the phase of the 1 sidebands depends on the direction of the change in the lock point.
Although an error signal can be obtained if we look at just one of the beat frequencies ͑either sc ϩ 1 or sc Ϫ 1 ͒, it is important to use the beat between the subcarrier and both sidebands, that is, the photocurrent at sc Ϯ 1 . If only one sideband is used, this error signal will cross zero when the sideband transmission drops to zero, but this will correspond only to the desired lock point if 1 has been exactly matched to the arm length mismatch of the Michelson. When both beat frequencies are demodulated and the signals are combined, any offsets ͑that are due to an error in the modulation frequency or a Michelson arm length mismatch͒ will cancel and the desired lock point can be recovered.
We chose to use a double demodulation to produce this error signal ͑by first demodulating at sc and then at 1 ͒. This is mathematically equivalent to our demodulating at sc ϩ 1 and at sc Ϫ 1 and then combining the two signals. Experimentally it was more convenient as the demodulation frequencies were already present, and frequency adding and subtracting were not necessary.
This error signal is well behaved as the signal cavity is detuned because the subcarrier is automatically held on resonance ͑and thus maximum transmission͒ by the signal cavity locking servo ͑see Subsection 2.D͒. In addition, we obtain excellent immunity from the ⌽ ϩ and ⌽ Ϫ degrees of freedom by using the beat between fields that are not resonant in the arm cavities.
D. Signal Cavity s
An error signal for the signal cavity degree of freedom is produced when we demodulate the reflected port at 2 . This measures the beat between the subcarrier and its own PM sidebands. As the Michelson is almost completely transmissive at the subcarrier frequency, the subcarrier effectively experiences a twomirror cavity made up of the power mirror and the signal mirror. The 2 sidebands are nonresonant everywhere and so are completely reflected by the power mirror. This error signal is equivalent to standard Pound-Drever-Hall locking of this combined power-signal cavity to the subcarrier. We detuned the signal cavity by changing the frequency offset of the subcarrier. Feedback to the signal mirror changes the combined power-signal cavity resonance to track the subcarrier and keep it on resonance. As we are using the beat between the subcarrier and its own 2 sidebands, the optimum demodulation phase does not change as the signal cavity is detuned. The subcarrier is transmitted to the dark fringe with maximum efficiency as the signal cavity is detuned. This is important as the subcarrier acts as a local oscillator for the extraction of the ⌽ Ϫ degree of freedom ͑the gravitational-wave signal͒. The subcarrier is kept close to antiresonant in the arm cavities, making this error signal immune to the arm cavity common and differential modes.
E. Arm Cavity Differential Mode ⌽ Ϫ
This control loop relies on a single-sideband modulation and demodulation scheme. By observing the beat between the carrier and the subcarrier on the TP, we obtain a strong error signal for the arm cavity differential mode. To lock a simple cavity, there is an increased sensitivity to errors in the demodulation phase for single-sideband locking compared with the usual double-sideband ͑Pound-Drever-Hall͒ case. However, when single-sideband locking is applied to lock the arm cavity differential mode in a Michelson interferometer, the fringe visibility of the Michelson interferometer provides some isolation against demodulation phase errors. For example, if we assume a 100% Michelson fringe visibility, on resonance there is no carrier at the dark fringe and thus no beat note, which ensures that a demodulation of any phase will not result in a dc offset. This issue will require a thorough quantitative analysis when one is considering this scheme for control and readout of a gravitational-wave detector once realistic estimates for demodulation phase error and fringe visibility are available. Note that the demodulation phase is not critical for the other degrees of freedom as the signals in the orthogonal quadratures are much smaller than the quadrature of interest.
As single-sideband demodulation also provides the extraction of the gravitational-wave signal, the shotnoise performance of the system is important. For the control system described above, only the single sideband is present on the TP photodetector. This ensures that there is no extraneous shot noise in the photocurrent, which is due to other sidebands or the carrier field. As the single sideband is on resonance with the power-signal cavity, its transmission efficiency to the dark port is relatively unaffected by the signal mirror detuning. Thus the gain of the ⌽ Ϫ degree of freedom will be minimally affected, apart from the desired change that is due to the frequency response of the RSE system to gravitational waves. 10 
F. Control Summary
We have designed a control system that is capable of locking the four degrees of freedom to a fixed point while the signal cavity is detuned to an arbitrary position. This system requires PM sidebands on the carrier and PM sidebands on a frequency-shifted subcarrier. Equations ͑8͒-͑12͒ summarize the origins of the five error signals:
ϩ ϭ demodulate RP at 1 ,
Application to the Benchtop Prototype
In this experiment we first selected the modulation frequency of 1 ϭ 75.9 MHz as we had a resonant phase modulator available at this frequency. This frequency defines a number of lengths of the interferometer ͑see Table 1͒ :
where L p ϩ L m is the effective length of the power cavity. These choices of length force the 75.9-MHz sidebands to be resonant in the power cavity when the carrier is resonant in the power cavity and the arm cavities.
The choices of length of the other parts of the interferometer are less critical and should be governed by the desired signal response and operating regime. For this experiment our choices were partly determined by mirror availability and mode-matching considerations. We chose the following interferometer parameters:
The choice of 2 ϭ 15 MHz was made to utilize a second 15-MHz resonant phase modulator. These modulation sidebands must be nonresonant everywhere ͑i.e., they should be almost completely reflected at the power mirror͒.
To determine the subcarrier frequency offset required for a particular detuning, we constructed a look-up table from numerical modeling of the system. The values of the subcarrier frequency offset sc for a given signal cavity detuning are shown in Table 2 . We define the detuning angle to be 0°for ͑broadband͒ RSE and 90°for ͑narrowband͒ or a dual-recycled system. We specified the subcarrier frequency offset to the nearest 10 kHz; however, the precision required for this frequency will be determined by the required precision of the signal cavity detuning. If this frequency is set incorrectly, the signal cavity will simply be detuned to a different point, but the other control loops will experience no adverse effects.
Input Field Preparation
All lasers used in this experiment were diodepumped Nd:YAG nonplanar ring oscillator lasers. For the carrier we used a 700-mW laser ͑Lightwave Electronics 126͒, and the subcarrier was a lowerpower 50-mW laser ͑Lightwave Electronics 120͒. Figure 3 shows a simplified diagram of the input beam preparation. The carrier was suitably isolated by use of a Faraday isolator and aligned into the 75.9-MHz resonant phase modulator ͑New Focus Model 4003͒. The modulation depth was set to give approximately 10% of the carrier power in each sideband. Likewise the subcarrier was isolated and modulated at 15 MHz by a second resonant phase modulator ͑New Focus Model 4003͒. The lasers were mode matched to each other and combined on a 50:50 beam splitter. The output of one of the beamsplitter ports was directed toward the main interferometer. The output of the second port was detected by a high-speed photodetector for the purpose of offset phase locking.
A. Offset Phase Locking
To use the interference between the carrier and the subcarrier for control and signal extraction, we require a high degree of phase coherence between the two lasers. This can be achieved by a technique known as phase locking. 11 For this application, offset phase locking 12 is required in which the lasers are phase locked with a frequency offset. The stability of the phase locking is important as it directly influences the gravitational-wave signal readout.
If the field of laser 1 can be represented by
then when the lasers are phase locked the field of laser 2 can be given by
where E 1 and E 2 are real. Offset phase locking ensures that the phase relationship between the lasers has both a dc component, 0 , and a component that is changing linearly with time, 2 sc t.
To obtain the error signal for offset phase locking, the light is detected at one of the ports of the combining beam splitter as shown in Fig. 3 . In this experiment we require an offset frequency for the subcarrier sc of around 180 MHz. Offset phase locking is initiated when we first tune the subcarrier to approximately 180 MHz from the carrier. The photocurrent will exhibit a large beat note at this difference frequency. To offset phase lock the two lasers, we must measure and control the phase ͑and in doing so, control the frequency͒ of this beat note. The photocurrent is then demodulated at the desired frequency offset sc by the electronic local oscillator. The field incident on the photodetector is given by
where ⌬ is the error in the phases that we are trying to measure ͑we assumed here that 0 ϭ 0͒. The photocurrent is proportional to the detected power:
Equation ͑17͒ consists of three terms: the power of laser 1, the power of laser 2, and the interference between them. It is this high-frequency interference term that we must use to extract the error sig- Fig. 3 . Diagram of input field generation when the low-power subcarrier is offset phase locked to the high-power carrier after each laser is phase modulated. The second term in Eq. ͑18͒ ͑an oscillation at 2 sc ͒ can be removed by a low-pass filter. For small errors in phase, sin͑⌬͒ Ϸ ⌬, and thus we have a signal at the mixer output that is proportional to error in the phases. The lasers are offset phase locked by use of this signal to feedback to the phase of the subcarrier. In this experiment the subcarrier phase actuators were the laser crystal temperature at low frequencies ͑Ն0.2 Hz͒ and the piezoelectric transducer ͑PZT͒ and CVI input of the laser at higher frequencies ͑0.2 Hz Յ f Յ 80 kHz͒. The phase-locking servo was identical to a frequency-locking servo except with the removal of a pole at high frequencies. To acquire phase lock the lasers must have approximately the correct frequency so that the demodulated beat note lies well within the bandwidth of the phase-locking servo. Once lock was acquired the servo held the frequency offset constant. We chose to feedback to the subcarrier because of the larger mode-hop-free tuning range of the lower-power Lightwave 120 laser. Once the gains and crossover frequencies were optimized and lock was acquired, phase locking lasted indefinitely ͑greater than 24 h͒. Figure 4 shows a measurement of the input field optical spectrum with the lasers phase locked with a frequency offset of 188.2 MHz and both modulations present. Several confocal cavities were purpose built for this experiment. These cavities were constructed with Invar spacers that were 100 mm long and with a finesse of 200, yielding a resolution ͑full width at half-maximum͒ of 7.5 MHz. The 15-MHz sidebands on the subcarrier cannot be easily distinguished in Fig. 4 because of the combination of low cavity resolution and low sideband power ͑only 10% the height of the subcarrier͒. Resolving the 15-MHz sidebands was not important for the purpose of lock characterization.
It was important to acquire phase lock before the modulations were turned on as it was possible to phase lock to the wrong beat note. The radiofrequency spectrum of the photocurrent of the phaselocking detector is shown in Fig. 5 . The highest peak ͑at 188.2 MHz͒ was the beat between the carrier and the subcarrier. Note that there were also signals at 188.2 Ϯ 15 MHz on either side. These were the beat notes that were due to the carrier and 15-MHz sidebands on the subcarrier. Likewise the signals at 188.2 Ϯ 30 MHz were due to the interference of the carrier and second-order modulation sidebands on the subcarrier. The same applied for the interference between other frequencies present on either laser. For example, the signal at approximately 360 MHz was due to the interference between the upper and lower 15-MHz sideband on the subcarrier beating with the lower and upper second harmonic of the 75-MHz sidebands on the carrier, respectively. Note that there was no beat at either 15 or 75 MHz as PM symmetry was maintained by these frequency sidebands.
B. Phase-Locking Excess Noise Figure 6 shows a closeup of the carrier-subcarrier beat note at 188.2 MHz. Note that the noise floor had quite a lot of structure arising from the frequency noise of each laser. The noise inside the locking bandwidth ͑approximately 80 kHz on either side of the main peak͒ was higher than the background noise level, suggesting that we have insufficient gain in our feedback loop. Ideally, with infinite servo gain we could suppress the noise of the in-loop photocurrent down to zero, and the in-loop photocurrent spectrum would converge to that of the electronic local oscillator spectrum, a single narrow spike at 188.2 MHz. This excess noise on the phase-locking photodetector was potentially a large problem because of the nature of the single-sideband interferometric readout system used here. As mentioned above, the gravitational-wave signal is read out when we measure the phase of the beat note between these two lasers. If the relative phase of the two lasers is not constant to begin with, then the gravitational-wave signal will be corrupted. For example, assume that, after phase locking, a small amount of residual phase noise ⌬ r is present on the beat note from Eq. ͑17͒. The ac component of the photocurrent ͑ignoring shot noise͒ can be represented by
After passing through the interferometer to the dark fringe, the carrier will acquire an extra phase shift of s because of a signal in the arm cavity differential mode ͑for example, a gravitational-wave frequency͒. The ac component of the photocurrent measured by a photodetector at the dark fringe will be given by
We demodulated this photocurrent by multiplying by the electronic local oscillator:
where we neglected the term at 2 sc . Equation ͑21͒
shows that the residual phase-locking error directly couples into the signal readout, becoming indistinguishable from a gravitational-wave signal. One innovative solution, suggested by Mueller, 13 is to replace the electronic local oscillator for the final signal demodulation by the photocurrent of the phase-locking detector, as illustrated in Fig. 7 .
The final demodulation is now represented by
where we again neglected the second-harmonic term. Note now that the output is completely free from any spurious signal related to the residual phase noise in the phase-locking loop. The cancellation of noise on the phase locking was shown to be crucial so as to lock even a simple arm cavity stably. Figure 8 shows a comparison of the error signals obtained with each of these techniques. The error signals were measured with only one arm cavity to simplify the experimental demonstration of the noise cancellation. Figure 8͑a͒ shows the mixer outputs as the arm cavity was scanned through resonance. We obtained the upper trace using the signal generator as the electronic local oscillator. Two zero crossing points were present; one appeared when the carrier passed through resonance and the other as the subcarrier passed through resonance. Note the large amounts of background noise and the inconsis- Fig. 6 . Radio-frequency ͑RF͒ spectrum of the phase-locking detector photocurrent near the subcarrier-carrier beat note frequency. Fig. 7 . Alternative experimental techniques to produce the electronic local oscillator for the ⌽ Ϫ and Ϫ degrees of freedom. We can use either ͑a͒ the signal generator used to phase lock the two lasers or ͑b͒ the beat note measured on the phase-locking photodetector. tency in the absolute height of the error signal between the free spectral ranges ͑FSRs͒. The lower trace shows the same measurement when the photocurrent of the phase-locking detector was used ͑suitably amplified and filtered͒ for the demodulation.
A more quantitative estimate of the improvement in locking performance can be obtained when we lock the cavity and record the fast Fourier transform of the error signal. Figure 8͑b͒ shows the fast Fourier transform from 0 to 100 kHz measured with a dynamic signal analyzer ͑Hewlett-Packard Model 3561A͒. The upper trace shows the error signal spectrum obtained by the signal generator as a local oscillator, whereas the bottom trace was obtained by the measured beat as the local oscillator. Note that the beat note technique produces consistently lower noise by approximately 30 -35 dB across the entire measurement range, which is an improvement of approximately a factor of 40. These results convinced us that it was essential to use this technique in our control system. An alternative approach, suggested by Brillet, 14 to improve the phase-locking performance is to injection lock the subcarrier laser with an acousto-optic frequency-shifted tap off of the carrier laser. This would ensure that the frequency noise of the two lasers was highly correlated over a large bandwidth and would substantially reduce the gain requirements of the phase-locking servo. Figure 9 shows the full optical experimental setup used for the RSE system. In total there were nine photodetectors for locking or monitoring purposes.
Experiment
In this experiment we used true common-and differential-mode feedback for the Michelson degrees of freedom with no feedback to the power mirror position. The servos that we used contained a thirdorder elliptic filter. 15 We matched the filter's notch to the first mechanical resonance of the mirror-PZT system to ensure that maximum suppression is given at this frequency while maintaining a small phase delay at frequencies down to an octave away.
We used mirrors from a combination of suppliers including Research Electro-Optics, CVI Laser, and Rimkevicius and Gintautas. The mirror reflectivities and radii of curvature are shown in Table 3 . Parameters displayed with uncertainties were experimentally measured ͑with either a powermeter or photodetectors͒. Parameters displayed without uncertainties were inferred from these measured values. For example, we calculated the mirror reflectivities of the power and signal mirrors from a measurement of the transmitted power with a powermeter assuming zero loss. The arm cavity mirror values were inferred from measurements of the arm cavities' transmissivity T aci and T acp and reflectivity R aci and R acp on resonance. The radii of curvature presented are those supplied by the manufacturers.
A. Lock Acquisition
Once the gains, polarities, and demodulation phases were correctly set, 16 lock acquisition was a relatively simple process. The dc power levels were monitored at the RP, the PCP, and the TP. In addition, the power transmitted through each arm cavity was also recorded. Figure 10 shows these dc power levels during a typical lock acquisition. All the results presented in this subsection were recorded for a subcarrier offset frequency sc ϭ 182.2 MHz. This Fig. 9 . Optical experimental layout for the RSE system. EOM, electro-optic phase modulator; OFR, optical Faraday rotator; pbs, polarizing beam splitter; PM, power mirror; SM, signal mirror; BS, main Michelson beam splitter, ACI, arm cavity in line; ACP, arm cavity perpendicular; OSA, optical spectrum analyzer. corresponds to a detuning of the signal cavity of approximately 5°from broadband RSE.
With the arm cavities off resonance, the interferometer acquired lock almost instantly for the other three degrees of freedom ͑ ϩ , Ϫ , and s ͒. The integrators on these servos were turned on just before the 1-s mark. For the next 22 s, one or the other of the arm cavities was drifting toward resonance. When only one arm cavity drifts near resonance, the mismatch of the losses on reflection from the arm cavity means that the Michelson locking loop can no longer maintain a good quality dark fringe. Consequently, all the error signals become more strongly coupled. At around the 23-s mark, both arm cavities jump into lock; however, the locking is unstable as the signal mirror PZT had reached the end of its range and was no longer tracking the subcarrier correctly. This slightly corrupted the ⌽ Ϫ error signal as evidenced by the variation in the arm cavities transmitted power. Shortly after the 25-s mark, the signal mirror servo integrator was turned off and then on again allowing the servo to recapture lock one fringe away at around the 26-s mark. The interferometer was now operating at the desired lock point and remained so for the rest of the trace. Both arm cavities seemed to exhibit a near exponential decay of the transmitted power from the time of lock acquisition to a near constant level at the end of the trace. This was due to the heating effects in the neutraldensity filters used in front of the monitor photodetectors and is not related to the interferometer locking performance.
The power levels shown in Fig. 10 give no information about the source of the optical power. When we used these signals alone it was difficult to unambiguously determine if the interferometer was at the desired operating point. Three Fabry-Perot optical spectrum analyzers were used at the RP, PCP, and TP to measure the strength of the various sidebands to conclusively verify correct operation of the interferometer. Figure 11 shows the optical spectra for the fields at the input ͑top trace͒, PCP, ͑middle trace͒, and TP ͑bottom trace͒. The carrier, subcarrier, and 75.9-MHz sidebands were all resonant in the power cavity; so all three fields were present at the PCP. The power of each of these fields was enhanced by a different amount, as each experienced a different version of the power cavity. We expected the 75.9-MHz sidebands to have the highest power buildup as they experienced a power cavity made up of the power mirror ͑68% reflectivity͒ and the Michelson ͑Ϸ100% reflectivity͒, giving a power enhancement of just over a factor of 10 compared with the incident field. The subcarrier experienced a cavity formed by the power mirror and the signal mirror ͑69% reflectivity͒ forming a nearly impedance-matched cavity with a predicted power enhancement of approximately 3. The carrier experienced an undercoupled cavity made up of the power mirror and the arm cavities ͑average reflectivity of 26.5%͒, yielding only a 0.96 power enhancement factor ͑i.e., a slight attenuation͒. It is important to note that the low-power recycling factor is not a restriction of the control system. This was a consequence of our choice of arm cavity mirror reflectivities that were changed midway through the experiment to give higher transmission. Unfortunately this degraded the impedance matching of the carrier ͑neither the arm cavity input couplers nor the power cavity mirror were altered͒. Ideally the power mirror would be chosen to impedance match the interferometer for the carrier.
The optical spectrum of the field at the TP was also important to determine if the interferometer was correctly locked. The power-signal cavity was almost impedance matched for the subcarrier, ensuring high transmission to the TP. Both the carrier and 75.9-MHz sidebands should be absent from this port if the Michelson is properly held at a dark fringe. The measured spectra in Fig. 11 are in good agreement with these predictions, indicating that the interferometer was locked to the correct operating point. 
B. Locking Performance
The interferometer lock was found to be robust, with the servos maintaining the interferometer at the correct operating point for periods of several hours. Figure 12 shows the dc power levels for a measurement period of 500 s ͑the maximum measurement time of our Yokogawa four-channel oscilloscope͒. When the system did drop lock it was usually because one of the PZTs had reached the end of its range, and lock was often reacquired automatically. Once again, these results were taken with a subcarrier frequency offset of sc ϭ 188.2 MHz corresponding to a signal cavity detuning of approximately 5°from broadband RSE.
Frequency Response Measurement
Because one of the prime motivations for construction of the RSE Michelson was the ability to alter the signal response, it was important to accurately measure the broadband signal response of our instrument. To map out the signal response we used a third laser to inject a signal through the far mirror of one of the arm cavities. 17 This technique allows measurement of signal response over a large bandwidth ͑several hundred megahertz͒. It also gives a high signal-to-noise ratio and allows positive and negative frequencies to be mapped out separately.
As a sideband was injected in only one of the arm cavities, there was effectively both a common-and differential-mode signal in equal amounts. The common-mode signal, however, never reached the detector at the TP, and so the signal response was equivalent to that produced if we were injecting a truly differential-mode signal ͑assuming the arm cavities were identical͒. Figure 13 shows the measured frequency responses of the power-recycled RSE Michelson interferometer for various detunings of the signal cavity. Both positive and negative signal frequencies are presented, clearly showing the asymmetry of the signal response for detuned cases. The number in degrees on each curve represents the detuning of the signal cavity where 0°is broadband RSE and 90°corresponds to dual recycling. We detuned the signal cavity by changing the frequency offset to the value corresponding to the desired detuning in the look-up table ͑Table 2͒.
Unfortunately, this control system cannot easily be configured to lock the system without the signal mirror, and so a direct comparison with the frequency response of a power-recycled Michelson with arm cavities was not possible. Figure 14͑a͒ shows a subset of the responses of Fig.  13 plotted on a linear scale. The signal enhancement near the broadband RSE detuning can be clearly seen compared with the dual-recycled response, particularly around 7 MHz. Because of the excessive loss of the arm cavities, the peak of the near-dual-recycled response was actually slightly lower than the peak of the 30°response.
The theoretically predicted frequency responses are shown in Fig. 14͑b͒ . We calculated these responses with MATLAB using the measured mirror parameters given in Table 3 . The only fitted parameter is the scale of the vertical axis that was chosen to allow comparison with the experimental data. We can see that the qualitative agreement between theory and experiment is quite good. The peaks of the frequency responses were as predicted, as were the relative heights of the peaks. The peaks in the experimental response were slightly wider than calculated, which may indicate that there is extra loss in the signal cavity that is not accounted for by the mirror reflectivities alone. The most likely source of this loss is a mode mismatch between the signal cavity and the arm cavity mode, or a higher than expected loss in the arm cavities.
As a demonstration of the continuous tuning properties of this control system, Fig. 15 shows the power transmitted through the arm cavities as the interferometer was detuned from 30°to 15°without dropping lock ͓apart from two glitches at 200 and 460 s Fig. 12 . Measurement of interferometer power levels over a period of 500 s at the ͑a͒ PCP, ͑b͒ TP, ͑c͒ arm cavity in-line TP, and ͑d͒ arm cavity perpendicular ͑Perp͒ TP. ͑lock was automatically and almost instantaneously reacquired͔͒. We achieved this by slowly changing the subcarrier frequency offset ͑from 184.315 to 186.445 MHz͒ at a rate that allows the signal cavity mirror to dynamically track the subcarrier frequency to keep it on resonance. The frequency generator we used changed frequency in discrete steps up to four times a second. The largest step rate that allowed reliable interferometer locking was 1 kHz, providing a tuning rate of 4 kHz͞s. At this rate the arm cavity transmitted power was quite noisy, but the system remained in lock. The phase-locking system could actually handle discrete steps of 10 kHz without dropping lock; however, the transients introduced into the relative phase of the carrier and subcarrier were detrimental to the main interferometer lock, causing it to sporadically drop lock over a time scale of a few seconds when we used these larger steps. With a long signal cavity, genuinely continuous tuning of the frequency offset, and careful design of the phase-locking loop, it should be possible to detune from RSE to dual recycling in a matter of seconds.
As mentioned above, in our benchtop system the demodulation phases should be reset for each subcarrier frequency. Tuning over the range shown in Fig.  15 , the demodulation phase shifted by approximately 5°from the optimum for the ⌽ Ϫ error signal. However, the interferometer remained locked. This demonstrated that at least the interferometer locking was stable in the presence of small demodulation phase errors.
Application to Long Baseline Interferometers
There are a few key differences in the application of this control system to a long baseline gravitationalwave detector. First, on the benchtop system the subcarrier could be tuned continuously over the entire range without coming into contact with an arm cavity resonance. This was possible because of the small ratio of lengths of the arm cavity to the signal cavity, L ac ͑͞L s ϩ L m ͒ Ϸ 0.1. In a long baseline detector this ratio increases to approximately 200, ensuring that the subcarrier will encounter each arm cavity resonance at approximately every 40 kHz of detuning. To avoid these resonances the subcarrier frequency could be moved in discrete steps of the arm cavity FSR. In this way the subcarrier could be kept antiresonant with the arms and yet still provide an adequate number of detuning points for the signal cavity.
Second, in a long baseline interferometer the signal cavity will be much longer. As a consequence, it is possible that the entire range of detuning could be accessed if the subcarrier frequency is changed by 1 MHz or less. In this case the subcarrier frequency offset could be reduced to approximately half of the frequency of the 1 sidebands as intermodulation products would be easier to avoid. This frequency ͑ sc Ϸ 40 MHz͒ will be more convenient for detection and signal extraction purposes. Finally, it may be possible to extract the s degree of freedom by use of a double demodulation of the beat between the 1 sidebands and the sc subcarrier at the RP. In this case the 2 sidebands on the subcarrier would no longer be needed, simplifying the input field to a set of PM sidebands on the carrier and a tunable frequency offset subcarrier. This possibility is yet to be fully analyzed and requires further investigation. Figure 16 shows a comparison of the input fields required to lock the interferometer to the 5°detuned point and the 88°detuned point. The subcarrier frequency has changed by approximately 10 MHz to achieve this. This is equivalent to a fractional offset frequency change of around 6%. This amount of tunability can be easily dealt with by the electronic systems such as photodetectors, mixers, and even the modulators; however, it is an awkward frequency shift to deal with in the input optics. In particular, it will be difficult to pass all the optical frequencies through a single-mode cleaner of moderate length ͑several meters, for example͒.
There are several potential solutions to this problem. The most flexible from a control point of view would be to have individual suspended mode cleaners for the carrier and subcarrier. These two mode cleaners could be of fixed ͑but different͒ lengths, locked on resonance to the carrier and subcarrier, respectively, and each one pass the single pair of modulation sidebands n FSRs away.
Another solution is to use a single, long mode cleaner. The subcarrier frequency offset could be tuned discretely between adjacent FSRs. The number of tuning points of the signal cavity is proportional to the ratio of the lengths of the mode cleaner to the signal cavity; thus having a short signal cavity may help as well. This solution could be suitable for the VIRGO interferometer 18 as it uses a 143-m mode cleaner. 19 To justify the extra complication of the input mode cleaners, this control system should be applied to an interferometer that is required to be detuned either often or quickly. Such an interferometer can be operated in a reasonably narrowband mode, perhaps to complement the broadband responses of other detectors. The 2-km LIGO interferometer is one candidate for reasonably narrowband operation, which could potentially benefit from such a control system.
If the detuning point of the signal cavity were fixed, many of the flexibility benefits of this control system would not be necessary. However, in this mode of operation, the subcarrier frequency is also fixed, and thus all fields could be passed through the same mode cleaner, removing one of the biggest obstacles to the simple implementation of this technique. In addition, if occasional detuning is required, this could be achieved by a macroscopic movement of the signal mirror, in the mode of operation suggested by Mason and Willems. 20 One of the biggest unknowns in this experiment is the ability of single-sideband modulation to be used as an effective signal extraction technique for the gravitational-wave signal. An investigation of techniques to minimize demodulation phase errors would be useful; for example, there may be a way to actively stabilize the demodulation phase to suppress such errors. Detailed analysis of the coupling of demodulation phase error into the signal output is required as well as realistic estimates of the size of the probable demodulation phase error.
Summary
We have designed and implemented a length-sensing control system for a power-recycled Michelson interferometer with resonant sideband extraction. This control system relies on frontal modulation only and extracts the error signals of the five degrees of freedom from the reflected, transmitted, and power cavity ports. We have experimentally operated a benchtop prototype over almost the entire range of the signal cavity detuning. In addition, we have demonstrated that the interferometer can be continuously detuned without dropping lock. Finally, the signal response of the interferometer was measured ͑for both positive and negative frequencies͒ at these detuned points and was found to be in good agreement with theoretical predictions. 
